Abstract. We have measured the in-plane ambipolar diffusion constant in a heterou s to monitor the time evolution of an excess carrier population at any point on the sample without the need for electrical contacts. The diffusion is found to be enhanced by almost an order of magnitude over that i n bulk material (to values of 45cm2 s-') due to the 'giant ambipolar diffusion' mechanism arising from perturbations to the periodic nipi potential. This has important implications in the switching across an individual pixel in a device where the in-piane diffusion dynamics are typically the limiting factor in the switching speed.
Introduction
Periodically doping a semiconductor n-, i-, p-, i-, n-type leads to a periodic electrical modulation of the conduction and valence band potentials, creating a nipi superlattice [I] with strong built-in electric fields, E,, in the these nipi doping superlattices has highlighted a very rapid in-plane transport mechanism, the 'giant ambipolar diffusion' mechanism [2] , which has been shown to enhance the in-plane diffusion constant by a factor of up tor.
In bulk materials the electron and hole plasmas created by optical excitation are present in the same regions of the semiconductor, allowing one camer type to screen the s p x e charge ge~e%?!ed by the other. I!! 2 nipi structure, however, the eleotron and hole plasmas are rapidly spatially separated into the potential wells created by the doped layers so that they can no longer screen each other. This leads to a strong repulsive in each doping region, creating large in-plane electric fields, Eo, where p is the two-dimensional vector in the x, y plane. This pushes carriers away from the region of optical excitation along the doping planes of the nipi. The effect can be expressed in terms of the change in the (spatially indirect) effective bandgap (EJ of the nipi structure with optical excitation, and is shown schematically in figure 1. A local excess of electrons and holes locally increases the effective nipi bandgap, which results in in-plane drift fields pulling both carrier types away 
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potentia! between cam.ers of the s a " type from the region of excitation. The in-plane drift fields created can be very iarge, ieading to very rapid in-plane transport of excess carriers. This rapid in-plane camer transport is very important for the design of nipi [3] and hetero-nipi Ip-61 optical modulators, where it ensures uniform device In this paper we report on the measurement of the in-plane diffusion constant in a hetero-nipi reflection modulator. Previous measurements have used electrical methods [2] , but here we have utilized the optical optical measurement. Figure 2 shows the energy band profiles of the hetero-nipi modulator structure used. It has four GaAs/Al,.,,Ga,,,,As coupled quantum wells (CQWS) wnwn intn the undopen regions of afi l!$-pcriod A1,,,,Ga0,,,As nipi doping superlattice. The CQWS each consist of two 4.7 nm wells with a 1.7 nm AI,,3,Ga,,,,As barrier, and are separated from each other by 9.9 nm of Al,.,,Gao.,,As. The doped regions (13.8 nm wide and spaced 120nm apart) are doped at 2 x 1 0 ' *~m -~ and clad with undoped spacer layers for improved field uniformity. Detailed descriptions and design parameters of this type of all-optical modulator are given in [ 6 ] . where G", G, are the electron and hole conductivities.
For a nipi structure, however, the carrier concentration required in equation (1) Reference [2] gives an in-depth derivation of these equations.
The effective in-plane ambipolar diffusion coefficient calculated in the nipi case is not in fact due to true diffusion (i.e. random walk down a concentration gradient) but rather is due to the drift of carriers in response to a microscopic electric field. The formulation of an effective diffusion constant is valid in this case though since the in-plane electric field (E,) is proportional to the excess carrier concentration gradient and can thus be treated as behaving in the same way as the driving force in true diffusion.
A comparison of equations (2) and (3) shows that the nipi structure is enhancing the in-plane diffusion by a factor of
(4)
For a &doped nipi (i.e. a nipi in which the doped layers are negligibly thin relative to the distance between them) aCD",j an can easily be estimated. If the degree of screening of the built-in electric field due to optical excitation is AEs, d is the distance between doping regions and e the electronic charge then
The overall electric field (Ez) in the undoped regions is given by Er,buill.in) -AEz and can be easily calculated from Poisson's equation. For a symmetrically doped nipi ( N A = N , = N ) and a photoexcited excess carrier concentration of n in each doping region L, wide Using the integration surface shown in figure 3 (N -n)L,eA and so where L, is the dopant region thickness and E, is the relative permittivity of A1,.,,Gao.,,As. This gives and If the built-in electric field is very large, the potential drop across the QWS from one doping region to the next can become equal to the bandgap of the A1,,,,Ga0,,,As. At this point the nipi structure becomes semimetallic, and any extra doping just adds to the background carrier concentration, with the electrons and holes confined to the n-and p-doped regions respectively. In the structure here (where d = I20 nm) this will occur once the electric field reaches a value of E,(Alo ,,Ga, 6 5 A~) -1.8605 eV
(where the value of 1.8605 eV is from [SI). In the structure of figure 2 this requires a doping concentration of N 3 1.5 x I O " C~-~, calculated using Poisson's equation (equation (5)), using L, = 13.8 nm and E, = 12.09
[SI. Since the doping concentration in the grown structure was 2 x 10'' cm-, this leaves an excess background carrier concentration of 5 x l O "~m -~ in each of the doped regions. In our case n = p and equation (4) reduces to
With an excess carrier concentration of PI = 5 x IO" cm-, in each doping region this gives an expected enhancement at room temperature (300K) of F = 12.
Experimental arrangement
To measure the in-plane diffusion of carriers through the structure an all-optical time-of-flight experiment was performed on a sample 10 mm long. The sample was held in a closed-cycle cryostat to allow measurements from room temperature to IO K. A one-dimensional geometry was employed ( figure 4 ) to simplify the analysis of the carrier diffusion. An excess carrier concentration was created in the sample using 40 ps pulses from a 770 nm laser diode at a repetition rate of 20 Hz. The repetition rate was low enough to allow the excess carrier concentration to vanish completely between exciting pulses. The pumped region was a narrow line across the whole width of the sample. The excess carrier concentration (which is proportional to the reflectivity modulation [4] at excitation levels < 1OpW cm-') due to the diffusion of the optically excited carriers, could be measured by monitoring the reflectivity at any point on the sample (in this case 3 mm away from the pumped region). The reflectivity was measured using a weak probe beam spectrally dispersed from a 100 W quartz halogen lamp by a 0.25m monochromator. The p-polarized probe beam was incident on the sample at an angle of 75", the angle at which optimum reflectivity modulation was observed. The reflected probe beam was detected with a cooled SI photomultiplier tube (PMT) and fast current amplifier which fed into a Lecroy 9420 digital sampling oscilloscope triggered synchronously with the laser diode. This allowed signal averaging to be performed and the data to be transferred to a computer for later analysis.
Modelling the expected diffusion behaviour
Since the geometry used is one dimensional the local excess charge density can be described by the one- 
with the appropriate boundary conditions In the case of the measurements made by Gulden et al [2] their structure could be treated as being infinite in extent, which lent itself to an analytical solution of the diffusion equation. In the measurements made here this is not the case.
To solve the diffusion equation in this more complex problem. a numerical technique was used, allowing the appropriate boundary conditions to be applied. The finite difference method [SI was used to numerically solve the diffusion equation. The structure was divided into 51 units 0.02 mm apart, uo to use. On the time-scale over which in-plane diffusion occurs the decay in the total number of excess carriers due to recombination is negligible in this sample. After a temporally and spatially &shaped excitation pulse at the sample centre the ( i itially zero) excess carrier concentration at the edges increases as the excess population decreases at the centre. This continues until a uniform distribution is reached, the total number of excess carriers corresponding to the initial number created by the exciting pulse. Boundary conditions had to be applied to the excess carrier concentrations at the edges of the sample (uo and u50) so that no carriers would be lost from the structure. The boundary conditions used were aAn/ax = 0 at uo, us0 (the edges of the sample) for all I.
These boundary conditions meant that there was no diffusion driving force (aAn/ax) pushing the carriers out of the confines of the structure.
To model the experiments the initial (t = 0) excess carrier concentration at uZ5 was set to unity and was zero elsewhere. The change in excess carrier population was then calculated 3mm away (ul0) as the time was increased & 50011s steps. The shape of the excess carrier distribution with time at a given position on the sample is always the same, the diffusion constant just changes the scaling of the time axis by a factor l / D (equation (5)); a large diffusion constant gives a more rapid change in the excess carrier concentration. Figure 5(a) shows the modelled excess carrier concentration across the sample at different time delays (0.25, 0.5, 1 and 2ms) for an ambipolar diffusion constant, D,, of 45 cmz s-'. b. Figure 5. (a) The modelled excess carrier population across the sample at different time delays after an instantaneous carrier population was created at the centre of the sample, 0.5 cm. These curves were calculated assuming a diffusion constant of 45cm2s-'. Since the carriers cannot escape beyond the edges of the sample (0 and 1 cm) and they do not decay, the population reaches a steady state. ( b ) The experimentally measured reflectivity transient 3 mm away from the pumped region for the sample at a temperature of 75 K. The pump pulse occurs at 0.5 m s on the time scale. Overlaid is the modelled diffusion behaviour for a diffusion constant of 40, 45, 50cm2s-'. The best fit is for D. = 45cm2s-'. dependence of the 'diffusion constant' will depend purely on the temperature dependence of the electron and hole mobilities, in equation (3) . Since both electron and hole mobilities have only a slight temperature dependence in heavily doped A10.,,Gao.,5As [lo, 111 there should be no significant temperature dependence in the diffusion constant measured. This is in strong contrast to the D, cc T dependence predicted by equation (2) for a bulk semiconductor with a temperature-independent mobility. The diffusion measurements were performed from 50 K to 300 K and the modelled fit for the diffusion constant was found to be independent of temperature within experimental uncertainty. Figure 6 shows the experimental response seen at 75 K and 250 K.
Experimental results
The value of the diffusion constant of 45 + 5 cmz s-' compares with a typical value of 5.7 cmz s-' for heavily doped AI,,,Ga,,,As at room temperature using an electron mobility of 1500 cm2V-'s-' [lo] and hole mobility of 120 cm2 V-'s-I [IZ]. In fact the measured nipi in-plane diffusion is even greater than for high-purity GaAs, 19.5cmzs-' at room temperature using an electron mobility of 8900 c m ' V-' s-' E131 and hole mobility of 395 cmz v-'s-' [14] . Thus the in-plane diffusion is being enhanced by a factor of eight due to the nipi 'giant ambipolar diffusion' mechanism [2] . This corresponds well to the factor of 12 calculated in section 2.
This enhanced diffusion can be very important in controlling the response time of the modulator if the excess carrier recombination only occurs in specific regions of the device, e.g. at its edges as opposed to uniformly over its whole area. If the recombination at the edges is very fast the carrier decay rate will be controlled by the time it takes for the carriers to diffuse to the regions where they can recombine.
To determine where the excess camer recombination was occurring in the sample, time-resolved measure ments were made of the dynamics of the reflectivity transient when an exciting laser source incident on the sample was suddenly removed. This was a measure of the decay time of the excess carrier population, and was performed on a series of different-sized square pixels etched from the sample. If the decay is dominated by a buik non-radiative recombination process occumng uniformly throughout the sample then the sample size and shape will have no effect on the measured decay time. If the decay is dominated by the edges of the sample, however, then the reflectivity transient would be speeded up by increasing the iotai edge iengrh of the sample relative to its surface area. The response time T would thus scale as the ratio of the surface area to edge length, and for the square pixels used here the response time would just be proportional to the length of one side, L. I aoie i snows me measurea swircnmg time ior direrentsized pixels showing a constant value of T/L, implying that the recombination is occurring only at the edges in this sample.
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